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A refrigeration/air conditioning 
system has two primary roles as a heat pump. These are .. 
a) to create heat flow (Q) 
b) to reverse the natural 
direction of the heat flow, (i.e. from 
low to high temperature), by the 
application of mechanical work. 
Therefore the two primary 
measurements that are of interest are 
the heat f~ow rate and the work input. 
In vapour compression refrigeration 
cycles all the components contribute 
to the system performance, however 
narrowing down the analysis to the 
compressor only, iL will be shown how 
a) the volumetric efficiency and b) 
the isentropic efficiency of the 
compressor can approximate these 
primary measurements. 
Individual:y the efficiencies 
for flow and for work input have been 
studied in the :iterature, references 
~o these researches are given in [1], 
[ 3] , [ 4] . However few authors have 
investigated the interaction that 
these two effects have on each other 
[6]. It is the purpose of this paper 
LO study this relationship. 
Why is there an interest in the 
inter-relationships between the 
volumetric efficiency and 
thermodynamic efficiency of a 
compressor? In the course of 
compressor design and manufacture 
Lhere have been several instances 
where the inter-relationships have 
proven to be of design interest. 
In fixed displacement 
compressors, there is generally a 
strong correlation between those with 
poor volumetric efficiency and those 
that have low thermodynamic 
efficiencies, however this is not 
always true. 
Also, variable capacity/ 
displacement compressors are becoming 
more common in automotive 
applications. As the volumetric 
efficiencies decrease to match 
capacity, the discharge temperature 
can become a significant design issue 
(for reference see figure 3). 





following section a model 
that creates an inter-
between the two 
2.1) Efficiency Measures 
A measure is required that will 
correlate to the heat flow rate. In 
the vapour-compression refrigeration 
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cycle, the heat flow rate can be 
approximated by the mass flow rate of 
the refrigerant. The volumetric 
efficiency of the compressor is a good 
choice, as it relates the mass flow 
rate to the design parameters of the 
compressor (i.e. swept volume). 
flu=mactua:l ( Psuc. (Vm,x- Vminl ·n) Egn. (1) 
A measure is required that will 
correlate to the work input and also 
to the discharge temperature. The 
isentropic efficiency is the best 
gauge for 'this. The work input can be 
referenced against a thermodynamic 
ideal, and the discharge temperature 
can be related directly to it, (if oil 
::low is low and there is not 
considerable heat Lransfer between the 
compressor and the ambient air). 
Isentropic efficiency is defined as 
follows, 
Eqn. (2) 
The inoividual losses 
contribute to the decrement ln 
two efficiencies, can now 
considered. 




The total power input is equal 
to the total exergy transfer to the 
working fluid as it passes through the 
compressor plus the summation of all 
the exergy destruction (loss) 
mechanisms occurring within the 
compressor [1], [3]. 
w = m· (bdsch-bsucl + itot Eqn. (3) 
To insert this into equation (2) 
it is preferable to use the isentropic 
enthalpy change occurring within the 
compressor, 
. . 
W = m. Ahs + Icond+ Itot Eqn. (4) 
This was achieved by adding 
another loss term to the equation. 
This extra term (Icondl represents the 
loss due to heat transfer, that occurs 
in the condenser, bringing the 
discharge gas to isentropic discharge 
gas temperature. As generally the 
exergy of the discharge gas is never 
normally recovered to generate useful 
work, there is no foreseeable problem 
associating this exergy destruction as 
a compressor loss and not as a 
condenser loss [2), [5]. 
Itot""Lithr + L,f fr+ L,fmix + LIHT 
Eqn. (5) 
Eqn. (6) 
2.1.2) Displacement Utilization Losses 
The losses that reduce the displacemen~ utilization efficiency (volumetric efficiency) of a compressor can be accounted for by subtracting the loss generating mechanisms [4], as follows: 
. . . 
m = mldea: - mloss 
Eqn. (7) 
where, 
'llloss/ eye= f Los SP.T • ot + f Los S-chr. ot + 
• r 
' t Lossc~ . ot+t Loss .:.ea K. ot+1 Losst.:.me. at 
Eqn. (8) 
2.2) Weighting Factors 
Combining the isentropic efficiency (eqn.2), the loss generating mechanisms that reduce the isentropic efficiency (eqn.4) and the definition of volumetric efficiency (eqn.l), the isentropic efficiency is redefined as follows. 
TJ = TJv ·rnideal · L\hs I 
(fJv'IDideal ·L\hs+Iwt+Icond) 
Eqn. (9) 
Equation ( 9) states the isentropic efficiency is a function of both the volumetric efficiency and the exergy destruction rates. Fig. 1 shows a surface contour plot for how these two components combine to reduce the isentropic efficiency of a compressor. 
Differentiating equation (9) yields the following relation for the incremental effect that these effects have on the overall thermodynamic performance. (For~his derivation, it is assumed that Icond is a .constant 
and not a function of TJv or Itot' for a large portion of the map this is approximately true, refer to Fig. 2). 
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dfJ = ( OTJ/ o11v J • d1Jv+ ( ofJ I of tot J • di tot 
=[ ( tltot+Icond) ·d1JvTJv'ditotl ·mideal 
·L\hsJ/(fJv'midea~ ·L\hs+Itoc+Icondl 2 
Eqn. (10) 
It can be readily seen from this equation that if the volumetric efficiency is improved or if the 
exergy dest:-:uc"Cion rate is reduced, the overall isentropic efficiency will be improved, (as expected) . Graphically, the derivative above is the slope on Fig.l, for a given change in volumetric efficiency and/or the exergy destruction rate. This equation forms the basis of the analysis following. 
3.0 MODEL APPLICATION 
In this section, the existing 
and the newly proposed analysis techniques are applied to a compressor simulation. program. The predictions of 1:he performance changes are then compared with actual changes in the simulation program. 
3.l)Reciprocating Compressor MOdel 
To illustrate the technique a reciprocating compressor simulation is used. The model has been described in previous work [3]. The results are shown in Table la. As has been mentioned above, techniques exist to 
analyse the efficiencies independently. Included in tables lb and lc therefore are the results of an exergy destruction analysis and a 
volumetric efficiency analysis. 
Three special cases shall be considered to find their relative effects on the isentropic efficiency. An effect that reduces the volumetric efficiency and which also destroys exergy is examined, such as suction throttling, piston seal leakage, heat transfer to the suction gas as in table lb. An effect that only reduces the volumetric efficiency but does not destroy exergy is considered, an example is re-expansion of the trapped volume in a reciprocating compressor, as shown in table lb. Also an effect that does not reduce the volumetric efficiency of a compressor, but which does destroy exergy is examined, such as heat transfer in the metal housing, discharge valve throttling, heat transfer to ambient, heat transfer on 
the discharge side, friction and
 
external heat transfer occurring i
n 
the condenser, table lb. 
3.1.1) Case 1: Suction thrott1~ng 
suction throttling affects the 
isentropic efficiency by two
 
mechanisms. Primarily it affects th
e 
efficiency due to the thermodynamic
 
irreversibility of the process itself,
 
the flowing of refrigerant from 
a 
higher pressure region to a lowe
r 
pressure region. Secondly, it affects
 
the isentropic efficiency due to the
 
fact that it reduces the mass flow
 
through the compressor (volumetric 
efficiency) . 
I~ can be shown that the exergy 
destruction rate associated with
 
suction throttling is as follows [3], 
(table lb shows this loss to be 76W), 
' 
I-::nr-suc = f;.·To · ( (5 cr.-ssucl-
Eqn. (lli 
It can also be shown that the 
loss in the mass flow rate due to
 
suction throttling is as follows [4], 
this loss was calculated to be 1.429
 
gls (note: this also includes 'timing' 
losses), 
Los st hr-suc 
f ( (Psuc-Pchl ·V I Cp ·Tsucl ·d6 /21t Eqn. (12) 
and therefore .. 




This information is employed to 
calculate the rea1 effect of th
e 
suction throttling process on th
e 
isentropic efficiency. The values ar
e 
inserted into their respective
 
functions as proposed in equation
 
(10). (Note: by rea1 it is meant that 
we are including the effect on
 
volumetric efficiency as being a real
 
component of the isentropic los
s 
generation process). 
Afltot-sthr"" ( (itot+icondl · .11Jvsthr-1'tv · 
ithr-suc ) ·mideal · Ahs/ 
• 
• • 2 
('llv ·mideal ·Ahs+Icond+Itotl Eqn. (14) 
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When calculated, this will yield 
an efficiency drop of 8.57%. However
 
this is before any weighting has been
 
applied, which shall be explained
 
later. 
3.1.2) Case 2: Re-expansion vo1ume 
The re-expansion volume in a 
reciprocating compressor is the volum
e 
that is trapped when the compressor is
 
at the top dead centre. After top dead
 
centrer the gas at discharge pressure
 
expands to suction pressure. Therefore
 
it takes a portlon of the expansio
n 
stroke before the pressure drops below
 
suction pressure, allowing suction t
o 
occur. During this period the
 
compressor has lost it's potential t
o 
effectively use this displaced volume
 
to induce flow into the compressor.
 
While the process itself does no
t 
require exergy destruction to occur,
 
(an isentropic expansion is feasible), 
the effect on the volumetri
c 
efficiency ultimately will contribute
 
to the loss in isentropic efficiency
. 
This case is chosen to demonstrate a
 
process that does not destroy exergy
 
but which ul~imately reduces the 
isentropic efficiency of a compressor
. 
The mass lost due to the re-
expansion process is as follows, (in 
table 1c this loss was 1.485 glsec), 
Losscl == ( ( (Pdsch ·Vcl'l'fpsucl lh-Vcl) 
Therefore the 
efficiency loss due to 




Afltot-cl = dtot+Icondl · .11Jvcl ·mideal · Ahs I 
( '1\v ·roideal · Ahs+ icond+ Itot l 
2 
Eqn. (16) 
When calculated, this mechanism 
now accounts for·2.34% of the loss in
 
the isentropic efficiency. Again thi
s 
is before any weighting has been
 
applied applied. 
3.1.3) Case 3: Discharge Thrott1ing 
Discharge throttling is the 
third example of what can occur in a
 
compressor that will af"fect th
e 
isentropic efficiency. In this case
, 
the throttling destroys exergy in an
 
identical manner to the suction
 
throttling process. However, unlike in 
the suction throttling case there is 
no associated reduction in the 
volumetric efficiency of the 
compressor. The exergy destruction 
associated with discharge throttling is as follows (95 W, table 1b), 
Itnr-dsch= fm·To · ( (sdsch-schl-
(hciscb-hschl /Tdscr.l ·d8 /211: 
Eqn. (17) 
However, according to -che new 
scheme developed, the actual 
contribution of this to the overall isentropic efficiency is actually less 
than would be assigned by an exergy 
analysis, 
L\fJ-::ot:-dth:- TJv ·I :hr-c!sch ·miaea:. · L\hsl 
I • • Ah + ;. + _! \ 2 \ TJv · midea :;_ u. s - cond .ltot' 
Eqn. (18) 
The contribution -co the 
efficiency loss is therefore 7. 86%, before weighting. 
3.1.4) Weighting Procedure 
The use of equation (10) is dependant on there being only small deviations around the existing performance of the compressor. Therefore the loss contributions to 
the isentropic efficiency cannot be 
arithmetically summed to give the 
overall percentage loss in the isentropic efficiency of the 
compressor. However, by using the 
existing performance as the baseline 
condition, equation (10) can be used 
to weight the relevant factors that 
contribute to the overall efficiency. 
In this example, summing all the loss percentages yields an overall 
efficiency loss of 29.83%. However the isentropic efficiency is actually 61.69%. Consequently, scaling up the loss percentages by 38.31/29.83, the losses will sum correctly. Therefore, for example, the suction throttling loss according to the proposed method 
would now be 11.0% or 82 W compared to 
an exergy analysis calculation of 76 W. The discharge throttling losses on 
the other hand, went from an exergy destruction loss of 95 W, to only being accountable for 75 W. It can be 
seen how this new technique strongly 
emphasizes processes occurring on the 
suction side. 
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3.2) Mode~ Verification (Loss 
prediction) 
It was the purpose of the 
technique to predict how changes, when implemented, will affect the performance. Design changes to improve 
the perfomance of the compressor will be based on the detailed component 
analyses in tables 1b and lc. 
In table lb, the columns 
represent .. 
· the isentropic efficiency losses by exergy techniques. 
the isentropic efficiency losses by applying the new weighted 
analysis technique. 
Lhe volumetric efficiency losses. 
Using this table, it can be seen 
thaL (according to an e:xergy analysis) 
there is no shaft power lost directly due to re-expansion of the gases in 
the clearance volume. There is however 
a 7. 8% loss in the volumetric 
efficiency. The new method does predict a 3% loss in the isentropic 
efficiency due to the clearance 
volume, contrary to the e:xergy 
analysis. 
Table 2 represents the case 
where the cl_earance volume was reduced by half in the simulation. As was 
expected the volumetric efficiency improved from 78.9% to 83%, a 4.1% improvement (or half the percentage loss of 7. 8% predicted for the full 
clearance volume) . The improvement in 
the isentropic efficiency however was 
only 0.3% (from 61.7% to 62%), not the 1. 5% predicted. Part of the failure of 
the method to predict the improved performance can be sourced back to the 
use of equation 10. In using this 
equation, the fact that other exergy destruction mechanisms would change as 
a result of the intended design change 
was ignored. This is most graphically 
seen in the fact that the discharge 
valve losses tended to compensate 
almost 100% for improvement due to increased flow. 
Table 3 shows what would occur if the base design were to have half 
the friction component that it presently has. As can be seen in the base design level, friction accounted for 6.2% of the overall losses within 
the compressor, therefore if the friction were to be reduced by 
approximately half, the expected 
improvement in isentropic efficiency 
should be of the order of 3.1%. In 
fact the improvement was only 2.43%. 
Compare this with the new method which 
predicted that the performance 
improvement would be 2. 45% ( 4. 9%/2) 
and we can see that the agreement is 
much closer. 
4.0 DISCUSSION 
The previous two examples helped 
show the strengths and weaknesses of 
the new method. In the first case the 
efficiency improvement predicted was 
not accurate. The primary reason given 
for ~he ~ack of agreement was the fac~ 
_ tha~ secondary effects were found to 
play an important role in the outcome. 
This is always a problem in system 
analysis and suggests that the base 
equation 10 should have modifiers to 
account for important secondary 
effects. This is beyond the context of 
this paper however. In the second 
example the method was good at 
predicting the efficiency improvement. 
Analysing these tables again it 
can be noticed how the proposed new 
method weights the losses occurring on 
the suction side at -che expense of 
those on the discharge side. This is 
an important outcome of the analysis 
and helps give a sound fundamental 
basis to concentrating more effort on 
suction side processes, as these 
processes are fundamental to 
everything else that occurs to the gas 
within the compressor. 
Another positive outcome is in 
the design of variable capacity 
compressors. In these compressors the 
principal concern is to decrease the 
volumetric efficiency while 
maintaining the discharge temperatures 
at reasonable values. Different design 
concepts can therefore be evaluated 
more effectively by the use of 
equation 10. 
5.0 CONCLUSIONS 
In this paper a new way of 
looking at the isentropic efficiency 
of a compressor has been !?reposed. The 
technique is useful ln that it 
combines the two primary functions of 
the compressor, the mass flow and 
compression processes, in a logical 
manner. It has been long known that 
mass flow does affect the isentropic 
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efficiency of a compressor, however a 
relation between the two has not been 
proposed that can be applied to the 
detail that this new technique offers. 
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Figure 1: Factors Affecting Isentropic Efficiency 
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Figure 2: Internal Exergy 
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Exergy [WI New Method(%] 
0.00 Orltot-cl 3.01(2.34) 
ltr.--suo 76.37 Dntol-slr.- 11.0(8.57) 
llhr·leak 16.40 Dntot-teak 2.98(2.32) 
IKT·SUO 14.02 D ntot-KTsuo 2.41 ( 1. 87) 
IKT-mll 0.29 Dntot·KTmtt .03(.02) 
ltllr dsoh 95.35 Dntot·dthr 10.10(7.86) 
IKT-alr 2.91 Dntot-KTair 0.31{0.24) 
IKT-dsoh 2,73 Dntot-KTdsoll 0.29(0.23) 
lrr 46.07 Dntot-rr 4.89(3.81) 
l"""c1 31.09 Dnoot-oond 3.30(2.57) 
~~ ~ "'",...,.,,..,..
n ..... ,_ 
Table 1b 


























































Table 2a Table 3a 
Exergy[WJ New Method[%] Volumetric Eff [%. ExergviWJ New Method [%1 Volumetric Eff 1% 
0.00 Dntot-cl 1.47 Loss,, 3.84 0.00 Dntot-ol 2.81 loss,1 7.8~ 
lttlf·SUC 77.11 Dntot-slhr 10.98 lossuu-suo 7.18 1\I>T-SUC 76.42 Dntol-slhr 11.14 LOSSthr-suo 
7.5< 
lthr·loak 16.03 Dntot-toak 2.94 LoSSteak 3.21 llllr·lealc 16.42 Dntot·le•k 2.9
6 Lossleak 3.2( 
IHT-suc 14.09 Dntot-HT sue 2.43 lossKT 2.42 IHT-suc 13.48 Dntot-Hfsuc 2.
20 LossKT 1.91 
lm-mu 0.29 Dntot-KTmU 0.03 0.00 IKT·rnll 0.29 Dntot-HTmtt 0.03
 o.oc 
llhr-dsoh 104.06 Dntot-dthr 11.12 lOSSthr-dsoh -0.01 luv-dsciL 95.87 Dntot dthr 10.55 LOSSthr-dsch 
-0.0€ 
11-IT-afr 2.83 Dntot-KTa<r 0.30 0.00 lKT-air 2.11 Dntoi-Hfalr 0.2
3 0.0( 
IHT-dsch 2.76 Dntot·fiT dsoh 0.30 O.OC IKT-dsch 2.67 Dntot-KTdscll 
0.29 o.oc 
l1r 46.57 Dntot-rr 4.98 0.00 !rr 23.33 Dntot·fr 2.57 
0.0( 
loond 32.50 Dntot-concl 3.47 0.00 loond 28.02 Dntot-oond 3.09 
o.oc 
................. r- --- 20.45 
Table 2b Table 3b 





0.00 20.20 1.46~ 
10.65 79.94 1.430 
2.29 21.26 .60~ 
1.86 15.77 .375 






13.36 75.72 -.01~ 
0.29 1.67 .000 
0.37 2.11 .ood 
3.25 18.47 .00~ 
3.90 22.16 .00 
Table 2c Table 3c 
